In this study, we have prepared perfluorohexane (PFH)-based acoustic nanodroplets (PFH-NDs) and evaluated their theranostic characteristics. Nile Red (NR) was incorporated into PFH-NDs as a model of hydrophobic drugs (NR-PFH-NDs). The mean particle diameters of PFH-NDs and NR-PFH-NDs were 205 1.8 nm and 346.3 6 nm, respectively. There was no significant PFH leakage from PFH-NDs during 90 min incubation at 37°C in the presence of 10% rat serum. The in vitro ultrasonography showed that the phase transition of PFH-NDs from liquid droplets to gassed bubbles could be induced by therapeutic lowintensity ultrasound with a frequency of 1 MHz and an intensity of 5 W/cm 2 . Irradiation of ultrasound in combination with NR-PFH-NDs enhanced uptake of NR in murine adenocarcinoma cells (C26). After intravenous injection of PFH-NDs to mice, PFH gradually disappeared from blood circulation with an elimination half-life of 43.3 min. Intravenous injection of PFH-NDs also resulted in significant contrast enhancement in the mouse carotid artery upon therapeutic low-intensity ultrasound irradiation. These results suggest the potential of PFH-NDs as a novel contrast agent for further theranostic applications.
INTRODUCTION
Theranostics is a term that refers to the combination of therapy and diagnostics so that for instance the same nanoparticle can both be applied for finding a disease location and delivering drugs for treatment with this concept. Ultrasonography is a well-known and safe diagnostic tool, while its limitation is with the difficulty in recognising the blood vasculature from the surrounded tissues, and therefore ultrasound contrast agents (UCAs) such as microbubbles (MBs) are commonly used for intensifying the contrast signal in the blood vasculature. [1] [2] [3] In MBs, hydrophobic gases such as perfluorocarbons (PFCs) are stabilized in bubble form with biocompatible shells. Consequently, MBs are mostly as large as 0.5-2 µm in diameter. [3] [4] [5] MBs-mediated sonoporation is also reported to be useful for in vivo delivery of anti-cancer agents and plasmid DNA. 3, [6] [7] [8] Because of their large sizes, however, MBs are rapidly sequestered from the blood circulation: Toft et al. estimated a blood elimination half-life of perfluorobutane gas MBs shelled with hydrogenated egg phosphatidylserine (Sonazoid ® ) to be 2-3 min in rats. 9) Our results for doxorubicin-loaded MBs with a phospholipid shell and perfluoropropane gas core gave a similar elimination halflife of 2-3 min in mice. 3) Instability of MBs in the circulation is due to the exchange of the fluorocarbon gas core with gases dissolved in the blood such as oxygen, nitrogen and carbon dioxides. 10) MBs precursors known as phase shift acoustic nanodroplets should be a possible solution for improving the stability of microbubbles and then their theranostic features. 11) Liquid PFCs with a high boiling point are stable at the room temperature and can form nanodroplets (NDs) by emulsifying with surface active biocompatible molecules such as phospholipids. Droplets structure entails a monolayer of phospholipids or surfactants that pack liquid PFCs in the droplet's cores. The thermal or acoustic pressure effect of therapeutic ultrasound triggers droplets imposing a phase transition from liquid to gas and generating bubbles. 12) Compared to polymer-based NDs, phospholipid-based NDs have better resonant properties due to the high elasticity of the phospholipid shells. 13) So far, many phospholipid-based NDs have been examined; mainly for their potential in ultrasonography. [14] [15] [16] Their potential use in cancer therapy has also been demonstrated in several reports. [17] [18] [19] In these studies, liquid perfluoropentane (PFPn) and perfluorohexane (PFH) have been two popular PFCs materials for NDs, while PFH can be superior to PFPn regarding favourable durability against repeated therapeutic ultrasound activation due to its high boiling point. 20) That means NDs with the PFH core are re-condensed from the evaporated state more easily. Theranostic NDs needs to obtain several characteristics such as high contrast signal, sufficient drug payload, and most importantly the stability under in vivo conditions, those ensure the theranostic functions. Therefore, the high in vivo durability and the long-lasting contrast signal of PFH-NDs are expected to improve the theranostic characteristics of UCAs. In the present study, we evaluated the theranostic features of PFH-NDs including their in vitro and in vivo functions in mice. Cells and Animals The murine colon adenocarcinoma cell line (C26) was obtained from the American Type Culture Collection (ATC C, Manassas, VA, U.S.A.). Cells were cultured at 37°C with 5% CO 2 in Dulbecco's modified Eagle's medium obtained from Nissui Pharmaceutical Co., Ltd. (Tokyo, Japan) supplemented with 10% fetal bovine serum and 100 U/mL penicillin/streptomycin. Female 6-week-old ICR mice and 6-weeks female wistar rats were purchased from the Shizuoka Agricultural Cooperation Association for Laboratory Animals (Shizuoka, Japan). All experiments were approved by the Animal Experimentation Committee of the Graduate School of Pharmaceutical Sciences, Kyoto University and by Teikyo University School of Medicine Animal Ethics Committee number 14-027.
MATERIALS AND METHODS
Preparation of NDs Preparation of of NDs was carried out with two steps. First, phospholipid vesicles (liposomes) were prepared with DSPC and PEG 2000 -DSPE at 94 : 6 M ratio. Lipids were dissolved in chloroform and transferred to a round-bottom flask. Following evaporation of the solvent under reduced pressure, the formed lipid thin film was thoroughly dried under vacuum overnight. The obtained lipid thin film was hydrated with phosphate-buffered saline (PBS) solution (8 mg Lipid/mL) at 65°C for 60 min under mild shaking, exposed to bath-type sonication for 3 min, and then exposed to tip sonication for 2 min. In the second step for preparing NDs, 1 mL of the liposome solution was transferred to a 2 mL sterilized vial, followed by adding 60 µL PFH (Sigma-Aldrich) to end up with 6% (v/v) of PFH suspension. In preparation of NR-PFH-NDs, NR was dissolved to PFH-NDs at a concentration of 375 µg/mL as a model drug in the vial. The vial was then capped and exposed to bath type sonication for 3-5 min on ice. All sample formulations were kept at 4°C until further use.
The Characterization of Particle Size and Stability of PFH-NDs The particle size of the liposomes and NDs were determined using Zetasizer Nano instrument (Malvern Instruments, Worcestershire, U.K.). In vitro stability of PFH-NDs in the presence of serum was evaluated by determining the remaining amount of PFH in PFH-NDs sample during incubation. Briefly, 100 µL PFH-NDs were mixed with 500 µL PBS containing 10% of rat serum obtained from female wistar rats and incubated in a water bath at 37°C. Ten microliters samples were collected at different time points and analyzed with GC-MS under conditions described in the previous report. 21) The retention percentage of PFH was obtained by normalizing the peak area of PFH at specific time to the peak area of PFH at zero time.
In Vitro Echogenicity of PFH-NDs A rubber tube was placed in a water bath kept at 37°C. One and half milliliters of degassed distilled water was filled in the tube and then left for 10 min for temperature equilibrium. A diagnostic ultrasound transducer was fixed at the edge of the rubber tube and then three echo images were taken as a background signal using an ultrasonography system (Vevo 2100, FUJIFILM VisualSonics, Toronto, Canada). After that, 10 µL of PFH-NDs solution was added and mixed well with a pipette. An external ultrasound transducer was immersed in the rubber tube in a way so that it did not interfere with the ultrasonography probe. Each sample solution was irradiated with ultrasound at different frequencies, intensities, and exposure times followed by taking another three images. Ultrasound signal enhancement was evaluated and the difference between before and after ultrasound irradiation was calculated. The mechanical index (MI) value was calculated from the modified equations:
Where P is ultrasound negative peak pressure, ƒ is the ultrasound frequency, and I is the ultrasound intensity. P was theoretically considered equivalent to I. In Vitro Nile Red Uptake by C26 Cells C26 cells were seeded in the density of 3 × 10 4 per well in 8-well glass chamber slide for overnight and NR-PFH-NDs (80 µg of lipid) were added to the culture medium. Three minutes later, ultrasound irradiation was applied in intensity of 5 w/cm 2 and frequency of 1 or 2 MHz for 30 s. Cells were then incubated for 20 min, washed with PBS two times, and then fixed with 4% paraformaldehyde for 10 min at room temperature. NR localization in cells was detected by the fluorescence microscopy (BZ-8100, Keyence, Osaka, Japan).
In Vivo Blood Elimination of PFH after Intravenous Injection of PFH-NDs in Mice PFH-NDs injection sample containing 1.3% (v/v) PFH and 360 µg lipids in a final volume of 200 µL in PBS solution was intravenously injected via the tail vein of mice. After 3, 30, 60, and 180 min, mice were sacrificed, and blood samples were obtained. Samples were moved into gas-chromatography vials, capped, and kept at 4°C until GC-MS analysis. The amount of PFH associated with blood was quantified by GC-MS, and the peak area of PFH was normalized by a millilitre of blood volume. Non-compartmental pharmacokinetic analysis was performed as follow: The elimination constant (K) was estimated by plotting the time scale against the logarithmic scale of PFH and the elimination half-life (t 1/2 ) was calculated as 0.693 divided by K.
In Vivo Ultrasonography Imaging A dose of PFH-NDs containing 0.7% (v/v) PFH and 225 µg lipids was injected intravenously to mice via the tail vein in a final volume of 200 µL. Two minutes post injection, 1000 frames of ultrasonography video were recorded with the Vevo 2100 system. Upon confirming its location in advance with the Doppler mode, the region around the left carotid was imaged. During the monitoring period, two shots of ultrasound irradiation (at Frames 568 and 783) were applied to provoke phase transition of the droplets into bubbles. The images were shown in linear mode and the contrast enhancement.
Statistical Analysis All data were analyzed as mean ± standard error of the mean (S.E.M.). The Dunnett's multiple comparison test was applied using GraphPad prism software.
RESULTS

The Characterization of PFH-NDs
The Particle Size of PFH-NDs Liposomes employed for the preparation of PFH-NDs had an average particle size of 101 ± 1.0 nm. On the other hand, the PFH-NDs had an average size of 205 ± 1.8 nm, while NR-PFH-NDs had an average size of 346 ± 6 nm ( Table 1) .
In Vitro Stability of PFH-NDs in the Presence of Rat Serum Determined by PFH Leakage
Samples of PFH-NDs were incubated in the presence of serum for 120 min at 37°C, and the amount of PFH remaining in the sample was determined by GC-MS. The level of PFH remained highly trapped in NDs for 90 min, but after 120 min, contrast mode (lower). A diagnostic ultrasound transducer was fixed at the edge of the rubber tube and then three echo images were taken as a background signal using an ultrasonography system. After that, PFH-NDs solution was added. An external ultrasound transducer was immersed in the rubber tube. Each sample solution was irradiated with ultrasound at different frequencies, intensities, and exposure times followed by taking another three images. (n = 3; mean ± S.E.M.). (Color figure can be accessed in the online version.) 41.2% of PFH was leaked (Fig. 1) .
In Vitro Echogenicity of PFH-NDs Effects of ultrasound frequency, intensity, and duration on the phase transition of the PFH-NDs to bubbles were investigated in vitro using ultrasonography. At the frequency of 1 MHz, a notable phase shift occurred; represented in the increase of the contrast signal. The maximum contrast enhancement was achieved with ultrasound intensity of 5 W/cm 2 (Figs. 2B, 2D) . When PFH-NDs were irradiated with a frequency of 3 MHz, on the other hand, no contrast enhancement was observed even at the highest intensity ( Fig. 2A) . Thus, ultrasound frequency was appeared to be a critical parameter for the phase shift of the PFH-NDs. The theoretical simulation of the relationship among ultrasound irradiation intensity, frequency, and mechanical index indicated that ultrasound of 1 MHz increased the mechanical index dramatically compared with higher frequency values (Fig. 2C) .
In Vitro NR Uptake by C26 Cells Potential of NR-PFH-NDs in NR delivery was evaluated in C26 cells using the fluo-rescence microscopy. The combination of NR-PFH-NDs with ultrasound irradiation in the frequency of 1 MHz and intensity of 5 w/cm 2 led to a notable cellular accumulation of NR after 20 min of treatment as compared with NR-PFH-NDs in the absence of ultrasound irradiation (Figs. 3B, 3C) . Interestingly, the combination of NR-PFH-NDs with ultrasound irradiation in the frequency of 2 MHz and intensity of 5 w/cm 2 did not cause any significant localization of NR (Fig. 3D) .
PFH Retention in the Blood Circulation of Mice Mice were intravenously injected with a single dose of PFH-NDs, and PFH levels in blood were periodically quantified by GC-MS. From the time-course of blood PFH levels, the elimination constant (K) of 0.016 min −1 and elimination half-life (T 1/2 ) of 43.3 min for PFH were obtained (Fig. 4) .
In Vivo Ultrasonography Imaging The location of the left carotid artery was confirmed in advance by using colour Doppler mode and pulsed wave Doppler mode. These modes allow the distinction between the left carotid artery irradiation in the frequency of 2 MHz. Cells were treated with NR-PFH-NDs followed by the exposure to ultrasound irradiation in intensity of 5 w/cm 2 and frequency of 1 or 2 MHz for 30 s. Cells were then incubated for 20 min, washed with PBS two times, and then fixed with 4% paraformaldehyde for 10 min at room temperature. NR localization was detected by the fluorescence microscopy (Scale bars, 20 µm). Fig. 4 . In Vivo PFH Retention in the Blood Circulation of Mice (A) The detection of PFH peak area at a retention time of 10.9 min in GC-MS analysis. (B) The time-course of PFH concentration in blood during 180 min. Mice were intravenously injected with PFH-NDs, and at 3, 30, 60, and 180 min after injection, blood samples were collected. Samples were moved into gas-chromatography vials, capped, and kept at 4°C until GC-MS analysis. The amount of PFH associated with blood was quantified by GC-MS, and the peak area of PFH was normalized by a millilitre of blood volume (n = 3-5; mean ± S.E.M.). and left internal jugular veins through the difference in the direction of the blood flow. Based on the anatomy of the region, the former and latter have been determined to be the carotid artery and jugular vein, respectively (Fig. 5A) . Thus, the pulsed wave velocity at a pinpoint of the carotid artery region confirms the location and blood flow. In this experiment, the PFH-NDs were intravenously administered in a single dose, and ultrasonography imaging was initiated two minutes post-administration. After the first therapeutic ultrasound irradiation, contrast enhancement was noticed in the carotid artery region (Fig. 5B) . Second ultrasound irradiation led to a repeated contrast enhancement that was sustained for a few hundred frames and ultimately decreased to the background levels (Fig. 5C ).
DISCUSSION
PFH-NDs have been used as an ultrasound contrast agent or even as ultrasound-responsive carriers loaded with therapeutic drugs for their delivery. [22] [23] [24] Although theranostic functions of the NDs were investigated partially in them, the in vivo theranostic behaviour of PFH-NDs following systemic administration has remained unclear. In this study, we examined the theranostic potential of PFH-NDs under both the in vitro and in vivo conditions. PFH-NDs prepared in this study had an average size of 205 ± 1.8 nm with relatively narrow size distribution. The use of zwitterionic phospholipid DSPC with a portion of DSPE-PEG 2000 was effective for stabilizing PFH droplets. NR-PFH-NDs had a larger particle size of 346.3 ± 6 indicated that drug loading causes a slight increase in the particle size (Table 1) . Moreover, the acoustic droplets vaporisation was achieved in vitro with therapeutic ultrasound irradiation in a frequency of 1 MHz rather than 3 MHz. As clearly shown in Fig. 2B , ultrasound signal was increased with increasing the intensity of ultrasound irradiation in a frequency of 1 MHz. We could not observe a similar result when ultrasound in 3 MHz was used, as shown in Fig. 2A , and it was indicated that PFH-NDs could only be activated with low-frequency ultrasound irradiation. The mechanical index (MI) value is an indication for the aggressiveness of ultrasound waves toward ultrasound contrast agents. In our simulation, MI value significantly increased in a low frequency of ultrasound irradiation; therefore, 1 MHz seems to provide sufficient forces for inducing the liquid-gas phase transition. Presumably, we could observe more clear contrast enhancement in ultrasound irradiation frequency of 1 MHz rather than 3 MHz as shown in Fig. 2C . Then we investigated the therapeutic aspect of PFH-NDs by loading the particles with NR as a hydrophobic drug model. NR can quickly be localized into cell membrane upon its release from PFH-NDs. NR uptake in C26 cells was enhanced when NR-PFH-NDs combined with ultrasound irradiation in a frequency of 1 MHz rather than in frequency of 2 MHz at the affixed intensity of 5 W/cm 2 . The association of this result and in vitro phase transition observation shown in Fig. 2B suggests that ultrasound in a frequency of 1 MHz can induce the proper theranostic functions consisting of the high contrast signal and the efficient drug release from PFH-NDs shown in Fig. 3C . Concerning in vivo performance of PFH-NDs, we first evaluated PFH leakage from PFH-NDs during incubation at 37°C in the presence of serum. Serum components are reported to be the main factors that destabilize phospholipid based carriers such as liposomes. 25) In our study, PFH was almost retained in droplets for 90 min in the presence of rat serum. This result indicated that PFH-NDs could be well tolerated under in vivo conditions. In accordance with this finding, the GC-MS analysis showed that PFH-NDs could sustain PFH in the blood circulation of mice for a considerable long time after the intravenous injection. The PFH elimination half-life time of 43.3 min is much longer than those reported for ultrasound contrast agents made with gaseous or liquid perfluoropentane. 9, 26) Thus, unlike microbubbles, our result indicated the benefit of the utilization of liquid pefluorehexane as well as to the incorporation of polyethylene glycol engraftment into droplets for producing stable nano-scaled theranostic ultrasound contrast agents. As shown in Fig. 5 , the imaging potential of PFH-NDs was confirmed by ultrasonography imaging in mice carotid artery, which revealed a high contrast enhancement signal at the carotid artery area after ultrasound irradiation. In addition, we showed that the contrast signal could repeatedly be generated by ultrasound irradiation (Fig.  5C) . A future study of PFH-NDs for the delivery of nucleic acid drugs or anti-cancer agents would expand their utilities toward further theranostic applications.
CONCLUSION
In this study, we have evaluated the potential of PFH-NDs for theranostic purposes. The finding of in vitro acoustic droplets vaporization suggested that PFH-NDs were selectively triggered with ultrasound irradiation in the frequency of 1 MHz. The combination of NR-PFH-NDs and ultrasound irradiation in the frequency of 1 MHz also induced the localization of NR in mice C26 cells. After intravenous injection of PFH-NDs, PFH could be sustained in the blood circulation of mice and PFH-NDs were acoustically vaporized in the carotid artery by ultrasound irradiation with reproducible contrast signal. These results added valuable information on the potential of PFH-NDs as theranostic carriers mainly for systemic administration and on their rational design.
